Molecular beam epitaxy ͑MBE͒ grown high dielectrics of Al 2 O 3 and HfO 2 are employed as templates to suppress effectively the oxide/Si interfacial layer formation during the subsequent atomic layer deposition ͑ALD͒ growth. The absence of the interfacial layer was confirmed using x-ray photoelectron spectroscopy and high resolution transmission electron microscopy. Two composite films consisting of ALD Al 2 O 3 ͑1.9 nm͒ / MBE Al 2 O 3 ͑1.4 nm͒ and ALD Al 2 O 3 ͑3.0 nm͒ / MBE HfO 2 ͑2.0 nm͒ showed overall values of 9.1 and 11.5, equivalent oxide thicknesses of 1.41 and 1.7 nm, D it of 2.2ϫ 10 11 and 2 ϫ 10 11 cm −2 eV −1 , and leakage current densities of 2.4ϫ 10 −2 A/cm 2 at V fb − 1 V and 1.1ϫ 10 −4 A/cm 2 at V fb + 1 V, respectively. The attainment of high dielectric constant suggests that there is no low capacitor in series near the oxide/Si interface. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2397542͔
The aggressive scaling of Si complementary metal-oxide semiconductor device has called for alternative high gate dielectrics replacing conventional SiO 2 ͑ = 3.9͒. While the atomic layer deposition ͑ALD͒ grown dielectrics have exhibited good electrical properties, the inevitable formation of an interfacial layer ͑SiO 2 ͒ due to its inherent growth mechanism has lowered the dielectric constant of the overall gate stack 1 and has hampered further progress of reductions of the equivalent oxide thickness ͑EOT͒, defined as SiO2 * ͑thick-ness of high dielectrics͒/͑ high ͒, to be substantially below 1.0 nm.
Unlike the high dielectrics fabricated using all other deposition methods, recently we have demonstrated using molecular beam epitaxy ͑MBE͒ to grow high quality nanometer thick HfO 2 films on Si exhibiting atomically abrupt interfaces without forming interfacial layers such as SiO 2 .
2 To take advantage of the distinct attributes of MBE grown high dielectrics in this work we have employed them as templates to initiate subsequent ALD growth of high dielectrics and to suppress effectively the unwanted interfacial layer formation near Si. Two kinds of MBE ultrathin templates, Al 2 O 3 and HfO 2 , were used for subsequent ALD growth of Al 2 O 3 dielectrics. The ALD/MBE nanocomposite dielectrics exhibited lowered values of EOT, interfacial trap density ͑D it ͒, and electrical leakage. The improved ALD growth of HfO 2 dielectrics by the MBE template approach will be reported elsewhere.
In this work the MBE growth of the Al 2 O 3 and HfO 2 templates followed the deposition scheme previously described. 2 Depositions of HfO 2 and Al 2 O 3 dielectrics were carried out mostly at room temperature using e-beam evaporation from sintered pressed oxide pellets in ultrahigh vacuum. Judging from reflection high-energy electron diffraction the microstructures of the room temperature grown Al 2 O 3 or HfO 2 films are largely amorphous, and later confirmed by high resolution transmission electron microscopy ͑HRTEM͒. The oxygen partial pressure during MBE growth was kept at as low as 10 −8 -10 −7 torr to preclude the Si oxidation, evidenced from in situ x-ray photoelectron spectroscopy ͑XPS͒ analysis. As characterized by HRTEM and medium energy ion scattering, the interfacial structure of the MBE grown HfO 2 on Si ͑100͒ was atomically abrupt. 2 The commonly seen interfacial layers such as SiO 2 and Hf silicate by other growth techniques are virtually absent.
After the MBE oxide growth, the wafers were then transferred ex situ to an ALD chamber to complete the dielectric deposition. In the ALD process, a deposition cycle is defined as a pulse of metal containing precursor Al͑CH 3 ͒ 3 , an argon purge to remove unreacted precursor, followed by a water pulse, and completed by a final purge with argon. The total film thickness was controlled by the number of cycles with a deposition rate of 0.09 nm/ cycle. The substrate temperature during ALD growth was held at 300°C.
The thickness of the composite oxide film was measured using ellipsometry, x-ray reflectivity, and cross sectional HR-TEM. The chemical bonding structure at the oxide/Si interface was investigated by XPS using Al K␣ x-ray source to detect possible existence of interfacial SiO 2 or silicate. The depth-profile measurements were achieved by Ar + sputtering at a primary energy of 1 -1.5 keV. The conditions were chosen to minimize preferential sputtering and surface damage. The photoelectrons were detected at the take-off angle of 53°w ith respect to the surface normal. The current-voltage ͑I-V͒ and capacitance-voltage ͑C-V͒ characteristics of the composite metal-oxide-semiconductor capacitors were measured using Agilent 4156C and 4284. The capacitors were fabricated by thermal and e-beam evaporation of Au ͑100 nm͒ /Ti ͑2 nm͒ through a shadow mask to form metal electrodes of 7.85ϫ 10 −5 cm 2 in area. Fitting of the C-V curves was performed using the NCSU CVC program 3 to determine the EOT with the correction of quantum mechanical effects.
In The C-V and J-E curves in Fig. 2 . This suggests the absence of low capacitors in series at the oxide/Si interface. Typical leakage current density J of the as-deposited composite oxide is 2.4ϫ 10 −2 A/cm 2 at V fb − 1 V. After performing post forming gas furnace anneals at 400, 500, and 600°C, the leakage current density decreased systematically to 1.1ϫ 10 −3 A/cm 2 . The ideal C-V modeling curve shown in Fig. 3 was performed to fit the experimental data of the as-deposited Al 2 O 3 ͑ALD͒ /Al 2 O 3 ͑MBE͒ composite film measured at 100 kHz. 3 The EOT value with quantum mechanical corrections was estimated to be 1.41 nm from the modeling curve. 3 Using the data of equivalent parallel conductance loss ͑G p / ͒ versus frequency in the inset of Fig. 3 , the interfacial trap density ͑D it ͒ was calculated from the conductance method 4 and estimated to be 2.2ϫ 10 11 cm −2 eV −1 . The EOT increased slightly to 1.46 nm after 600°C forming gas anneals. Comparing to earlier data the leakage current density of the ALD/MBE composite is four to five orders lower than that of SiO 2 of the same EOT. 5, 6 Hence the electrical data plus the TEM and XPS results demonstrate clear advantages of using MBE Al 2 O 3 template for ALD high film growth.
The second demonstration is a bilayer composite made of a lower HfO 2 ͑MBE͒ layer 2.0 nm thick and an upper Al 2 O 3 ͑ALD͒ film 3.0 nm thick, deposited on a n-type Si ͑100͒ with a doping concentration of 1.5ϫ 10 17 cm −3 . The dielectric constant calculated from the C-V measurement is 11.5 ͑shown in Fig. 4͒ , which is consistent with two parallel HfO 2 and Al 2 O 3 capacitors in series with individual of 17 and 9, respectively. This again suggests that SiO 2 was not formed at the interface. Little frequency dispersion was observed in the C-V curves with the frequency varying from 1000 to 500 kHz, indicating a good oxide quality with low density of traps at the interface. The EOT of the as-grown film is 1.7 nm after the quantum mechanical correction. The interfacial trap density was calculated to be of 2 ϫ 10 11 cm −2 eV −1 using the conductance method, comparable to the D it value obtained in the first composite oxide of all Al 2 O 3 . For the as-deposited film the leakage current density at V fb + 1 V is 1.1ϫ 10 −4 A/cm 2 . After forming gas anneals at 500°C, the leakage is decreased to 6 ϫ 10 −6 A/cm 2 at V fb + 1 V, and the EOT is increased to 1.89 nm. The additional EOT of 0.19 nm may come from the formation of an interfacial layer during the annealing. Comparing to the published results, 5, 6 the leakage currents in the MBE ͑HfO 2 ͒ / ALD ͑Al 2 O 3 ͒ composite film are nearly three orders of magnitude lower than those in SiO 2 under the same EOT. The relative less increase of EOT after anneals in the first composite oxide compared to the second composite oxide suggests the robustness of the MBE Al 2 O 3 template than HfO 2 template against ALD processing. Nevertheless, the 0.19 nm increase is considered insignificant, since the oxide was exposed to air, thus may have absorbed moisture prior to annealing. The moisture may diffuse through the composite oxide, reacted with Si, and formed SiO 2 or silicate.
In conclusion we have demonstrated a MBE template approach for ALD growth of high dielectrics. Both MBE HfO 2 and MBE Al 2 O 3 templates served as a good nucleation layer for subsequent ALD Al 2 O 3 growth. We showed that the SiO 2 formation is markedly suppressed during the ALD Al 2 O 3 process. The improved electrical characteristics of the MBE-ALD high composite films also lend supports to this template method. This approach is now being extended to ALD HfO 2 grown on MBE HfO 2 template. Furthermore, the metal-oxide-semiconductor field-effect transistor ͑MOSFET͒ based on the ALD+ MBE HfO 2 composites has been fabricated with excellent device performance. The drain current ͑I D ͒ and transconductance ͑g m ͒ of the MOSFETs based on the composite ALD+ MBE gate dielectric are superior to those in the devices using either ALD or MBE gate dielectric.
